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Abstract

Fibroblast-like synoviocytes (FLS) are major contributors to joint inflammation in rheumatoid arthritis (RA). Forkhead
box O 3 (FOXO3) perturbations in immune cells are increasingly linked to RA pathogenesis. Here, we show that FOXO3 is
distinctly inactivated/phosphorylated in the FLS of rheumatoid synovitis. In vitro, stimulation of FLS with tumor necrosis
factor-alpha o (TNFa) induced a rapid and sustained inactivation of FOXO3. mRNA profiling revealed that the inactivation
of FOXO3 is important for the sustained pro-inflammatory interferon response to TNFoa (CXCL9, CXCL10, CXCL11, and
TNFSF18). Mechanistically, our studies demonstrate that the inactivation of FOXO3 results from TNF-induced
downregulation of phosphoinositide-3-kinase-interacting protein 1 (PIK3IP1). Thus, we identified FOXO3 and its
modulator PIK3IP1 as a critical regulatory circuit for the inflammatory response of the resident mesenchymal cells to TNFa
and contribute insight into how the synovial tissue brings about chronic inflammation that is driven by TNFa.

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease.
Uncontrolled persistent inflammation of the synovial
membrane leads to progressive joint damage and disability
[1]. Reciprocal crosstalk between infiltrating immune cells
and resident fibroblasts (fibroblast-like synoviocytes; FLS)
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are thought to amplify and perpetuate joint inflammation
[2]. In response to immune cell derived pro-inflammatory
mediators (e.g. tumor necrosis factor-alpha; TNFo) FLS
secrete large amounts of cytokines (e.g. Interleukin-6 (IL6))
and chemokines (e.g. CXC-Ligand (CXCL)-9, CXCL10)
[3], which further enhance immune cell recruitment and
activation, thereby promoting synovial inflammation [2].
Interrupting this vicious circle by targeting FLS has there-
fore emerged as a potential therapeutic strategy for RA. For
this, understanding of how FLS respond to and shape the
synovial, inflammatory microenvironment is required. Sig-
naling circuits that activate FLS in the context of joint
inflammation are emerging. Among others, the phosphati-
dylinositol-3-kinase/Protein kinase B (PI3K/AKT) pathway
directs the inflammatory behavior of FLS [4-6]. In response
to extracellular signals such as growth factors or inflam-
matory mediators PI3K promotes the activation of AKT
[7, 8]. Once activated, AKT phosphorylates and distinctly
controls downstream effectors, such as the mechanistic
target of rapamycin (mTOR) and the forkhead box O
(FOXO) transcription factors [8]. In arthritis, persistent
activation of the PI3K/AKT pathway was observed in
both animal models and human synovial tissues [9, 10].
Blocking PI3K by genetic or pharmacological approaches
ameliorated joint inflammation in various animal models


http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0184-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0184-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-018-0184-7&domain=pdf
http://orcid.org/0000-0003-4205-7585
http://orcid.org/0000-0003-4205-7585
http://orcid.org/0000-0003-4205-7585
http://orcid.org/0000-0003-4205-7585
http://orcid.org/0000-0003-4205-7585
mailto:thomas.karonitsch@meduniwien.ac.at
https://doi.org/10.1038/s41374-018-0184-7
https://doi.org/10.1038/s41374-018-0184-7

FOXO3 is involved in the tumor necrosis factor-driven inflammatory response in fibroblast-like. .. 649

[5, 11, 12]. Importantly, this pathway operates in FLS and
might thereby contribute to joint inflammation [4—6]. The
effectors downstream of PI3K/AKT in FLS, however,
remain to be elucidated.

Here, we explore the role of the transcription factor
FOXO3 [13] in FLS inflammation. Recently, FOXO3 has
received attention since GWAS data linked FOXO3 activity
with RA. A single-nucleotide polymorphism (SNP) in
FOXO03 (rs12212067; T > G) was associated with lower RA
activity scores and less radiographic progression [14, 15].
Correspondingly, collagen-induced arthritis (CIA) was
pronounced in mice with loss-of-FOXO3 function [14]. By
contrast, FOXO3 deficiency ameliorated symptoms in the
K/BXN serum transfer arthritis model. In this model,
FOXO3 was shown to support neutrophil survival during
inflammation [16]. This conflicting data suggest that
FOXO3 may exhibit a cell-type specific pro- or anti-
inflammatory role. Nonetheless FOXO3 likely mediates
critical fate decisions in synovial inflammation. To unravel
its potential pathogenic involvement in RA, we explore the
biological consequences of FOXO3 regulation in FLS.

Material and methods
Immunohistochemistry

Synovial biopsy specimens were obtained from RA (ful-
filling ACR/EULAR classification criteria for RA [17]) and
OA patients at the time of joint replacement or synovectomy
(patient characteristics are shown in Supplementary
Table 1). After fixation with paraformaldehyde, synovial
tissues were embedded in paraffin. Paraffin-embedded
sections were treated with Tris-EDTA (pH 9) and then
incubated with goat serum. p-FOXO3 was detected by
incubating sections with a polyclonal rabbit anti-p-FOXO03
antibody (Abcam). A non-immune immunoglobulin of the
same isotype and concentration as the primary antibody
(anti-rabbit IgG (R&D) was used as a control. After incu-
bation with a biotinylated goat anti-rabbit antibody (Vector),
sections were incubated with Vectastain Elite reagent and
visualized using 3,3-diaminobenzidine (Vector). Sections
were counterstained with hematoxylin (Merck). Pictures
were taken with an Axioskop 2 microscope (Zeiss) equipped
with a digital camera (Olympus). Expression of p-FOXO3
was determined using semi-quantitative scoring (0= no
staining, 3 = high staining).

Isolation and culture of RA-FLS
FLS were obtained from discarded synovial tissues from

RA patients (fulfilling ACR/EULAR classification criteria
for RA [17]) undergoing joint replacement or synovectomy.

FLS were isolated as previously described [18]. FLS were
cultured in DMEM (GIBCO by life technologies) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS; Hyclone), 1% penicillin/streptomycin (P/S), and
nonessential amino acids (both GIBCO). FLS between
passages 4 and 8 were used for all experiments.

Cytokines and inhibitors

Recombinant human TNFa was purchased from R&D. The
PI3K-inhibitors, Duvelisib (IPI-145) and Idelalisib (CAL-
101), the AKT-inhibitor Ipatasertib (GDC-0068) and the
mTOR-inhibitor Torin-1 were obtained from Selleckchem.

Western blots

RA-FLS were lysed with RIPA-buffer (Thermo Fisher)
supplemented with Halt™ phosphatase inhibitor cocktail
(Thermo Fisher) and protease inhibitor mix (Sigma
Aldrich). Protein lysates were fractioned on polyacrylamide
gels followed by electro transfer to nitrocellulose mem-
branes, which were blocked with either 5% BSA or 5%
non-fat dry milk and then incubated with primary antibodies
(Cell Signaling: p-FOXO3 (T32), FOXO03, p-S6K (T389);
Santa Cruz: S6K; Protein Tech: PIK3IP1; Sigma Aldrich:
ACTIN). After incubation with HRP-conjugated secondary
antibodies (Cell Signalling) specific bands were
detected with the BIORAD Clarity ECL Western substrate.
Reblots were performed using ReBlot Plus Strong Solution
(Merck).

Real-time quantitative reverse transcription PCR

RNA was isolated with the RNeasy Mini Kit (Qiagen) and
then reverse transcribed into cDNA with the Omniscript
RT kit (Qiagen). RNA concentration was determined
using a Nanodrop spectrophotometer. Quantitative PCR
(qPCR) was performed using the Fast Start SYBR Green I
kit (Roche) and the Roche Light Cycler. Results were
quantified by the 2—AAC(t) method, using GAPDH
expression levels for normalization. Primer sequences:
CXCL9 Forward: ATCAGCACCAACCAAGGGACT,
Reverse: GCTTTTTCTTTTGGCTGACCTG; CXCL10
Forward: ATTTGCTGCCTTATCTTTCTG, Reverse:
TCTCACCCTTCTTTTTCATTGTAG; CXCL11 For-
ward: GAAGGATGAAAGGTGGGTGA, Reverse: AAG
CACTTTGTAAACTCCGATG; PIK3IP1 Forward: CCA
GTGATTGGGATCAGCCA, Reverse: TCCCCCTCTT
GTAGGAGTAGC; TNFSF18 Forward: ACGCAAGG
AGGTTCAGAAGA, Reverse TCTTTGCTCCTTCAG
TTGGC; GAPDH Forward: TGATGACATCAAGAAG
GTGGTGAAG, Reverse TCCTTGGAGGCCATGTGGG
CCAT;
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ELISA

IL6, IL8, and CXCL10 ELISA kits were purchased from
eBioscience and the MMP3 ELISA kit from R&D. ELISA
were performed according to the manufacturer’s protocol.

Immunofluorescence staining and automated
imaging

RA-FLS were cultured on CellCarrier-96 Ultra Microplates
(PerkinElmer). FLS were fixed with 4% paraformaldehyde
containing 0,02% Tween-20 and permeabilized with 0.3%
Triton X-100. After blocking with 5% bovine serum albumin
(BSA), FLS were stained with the primary antibody (mono-
clonal rabbit anti-FOXO3, Cell Signalling) over night at 4 °C.
After incubation with an Alexa Fluor 555 coupled secondary
antibody (goat anti-rabbit, Invitrogen) nuclei were counter-
stained with DAPI (Sigma Aldrich). Pictures were taken with
the Opera Phenix high-content screening system (Perki-
nElmer) at x20 magnification. Images from automated ima-
ging were analyzed with CellProfiler v3.0.0 (http://cellprofiler.
org/citations/). DAPI signal was used to define the nuclear
area. Single cells were selected by a neighborhood-distance of
more than 12 pixel (7 um) to avoid overlapping areas. The
perinuclear region was defined as a 10 pixel (5 pm) wide ring
around the nucleus. FOXO3 signal was quantified in both
regions and log2 ratios of nuclear to perinuclear mean
intensities were calculated for every individual cell. Plotting
and statistical analysis were performed in R (version 3.4.3).
Representative pictures were taken with a Leica TCS SP5
(Leica Microsystems) or an Olympus IX83 microscope.

siRNA-mediated knockdown

For siRNA-mediated knockdown RA-FLS were cultured in
Opti-MEM (GIBCO). siRNA pools (ON-TARGETplus:
FOXO03: L-003007-00-0005, PIK31P1: L-003007-00-0005,
Dhamarcon) were transfected using Lipofectamine (Thermo
Fisher) as described elsewhere [19].

RNA sequencing

RNA was isolated using the RNeasy purification kit
(Quiagen). RNA-seq libraries were prepared with TruSeq
stranded mRNA sample preparation kit (Illumina) using
Sciclone and Zephyr liquid handling robotics (Perki-
nElmer). The libraries were sequenced on HiSeq 3000
(Illumina) platform using 50 bp single-read chemistry.

Processing of RNA sequencing data

Raw sequencing data were processed with Illumina2bam
(http://github.com/wtsi-npg/illumina2bam) to  generate
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unaligned BAM files. Sequence reads were mapped onto
the human genome annotation release hg38 (GRCh38)
using STAR aligner (version 2.5.2b) [20]. Reads were
counted with the summarizeOverlaps function of Bio-
conductor package GenomicAlignments (version 1.10.1)
[21] on the basis of Ensembl transcript annotation version
89 and DESeq2 (version 1.14.1) [22]. Gene expression
values (reads per kilobase exon per million mapped reads
(RPKM)) were calculated with Cufflinks (version 2.2.1)
[23]. The differential expression between two sample
groups was calculated from the raw read counts, with
Fisher’s exact test for the significance of all samples toge-
ther (sum of read counts), and edgeR’s (version 3.12.1) [24]
dispersion for the variance within biological replicates. The
filtering for differentially expressed genes is for p-value of
0.05 (Bonferroni corrected), maximal dispersion of 0.2 and
minimal fold-change of 2. Lists for known PI3K-AKT
pathway  regulators (GO:0014067;  GO:0051898;
G0:0014068; GO:0051898) were downloaded from http://a
migo.geneontology.org [25, 26]. Heatmap was generated
using the pheatmap function in R.

Statistical analysis

We used unpaired and paired ¢-tests for comparing groups
and paired samples provided that the data followed
Gaussian distribution. For data that were not normally
distributed, the Mann—Whitney U test or Wilcoxon singed-
rank test was performed. For all analyses, Graph Pad Prism
6 software was used.

Results

TNF-induced phosphorylation and
nucleocytoplasmic shuttling of FOX03

We first examined the degree and pattern of phosphory-
lated-(p)-FOXO3 in RA synovial tissues. Synovial tissues
from osteoarthritis (OA) patients served as non-
inflammatory  controls. Immunohistochemistry (IHC)
revealed significantly increased p-FOXO3 in RA compared
to OA synovial tissues (Figs. la, b). p-FOXO3 was pri-
marily detected in the hyperplastic synovial lining and
in fibroblast-like cells in the synovial sublining layer,
suggesting that FOXO3 is phosphorylated in activated
RA-FLS.

We have previously shown that TNFa activates AKT
[27], which operates upstream of FOXO3 [13]. Therefore
we asked whether TNFa might trigger FOXO3 phosphor-
ylation. Indeed, TNFa induced FOXO3 phosphorylation in
isolated RA-FLS. TNFu effects were evident after 30 min
(Fig. 2a) and sustained throughout 48 hours (Fig. 2b).
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Fig. 1 FOXO3 phosphorylation A
in the rheumatoid synovium.
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expression in paraffin-embedded
synovial tissue sections from
rheumatoid arthritis (RA) or
osteoarthritis (OA) patients
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FOXO3 transcriptional activity is controlled by its
retention within or exclusion from the nucleus. FOXO3
phosphorylation facilitates nuclear export, which inhibits its
transcriptional function [13]. Since TNF-stimulation results
in FOXO3 phosphorylation, we reasoned that TNFa might
induce FOXO3 nuclear exclusion. Immunofluorescence (IF)
automated microscopy revealed decreased nuclear contents
of FOXO3 in TNF-treated FLS (Figs. 2c¢ and 2c). Upon
TNFa stimulation FOXO3 was rapidly exported, but
returned to the nucleus within 80 min. This was followed
by a second wave of FOXO3 nuclear exclusion, which was
maintained throughout the timeframe of the experiment.

Our data suggest that FOXO3 is phosphorylated (inac-
tive) in the inflamed rheumatoid synovium. Further, we
show that TNFa promotes FOXO3 nuclear export and
might thereby alter FOXO3 transcriptional activity.

FOXO03 regulates the TNF-induced interferon
response in FLS

FOXO3 acts as transcriptional activator or repressor
[28]. Given that TNFa induces FOXO3 nuclear exclusion,
we hypothesized that FOXO3 directs TNF-induced

transcriptional changes in FLS. Therefore, in line with a
previous study [29] knockdown of FOXO3 likely reveals the
contribution of this transcription factor to TNF-induced gene
expression. RA-FLS were transfected with FOXO3 targeting
siRNA pools. Then, FLS were stimulated with TNFa for 1
and 6 hours to dissect FOXO3 effects on early and late
response genes (Fig. 3a). Within 1 hour, TNFa increased a
number of well-known pro-inflammatory cytokines/chemo-
kines (e.g. IL6, CCL20), proteolytic enzymes (e.g. MMP3)
and inflammatory transcription factors (e.g. IRF1). A more
profound up- and downregulation of genes was observed in
FLS after 6 hours of TNFa stimulation (Fig. 3c). Consistent
with the known function of TNFa to induce “interferon
regulated genes” (IRGs) via de novo synthesis of IFNp [30],
the top genes displaying the highest degree of expression at
6 hours were the IRGs CXCL9, CXCL10, and CXCLI11.
These genes were not affected by short term (1 hour) treat-
ment with TNFa and thus represent late response genes.
Silencing of FOXO3 mainly affected the expression of
late TNFa response genes (Fig. 3d, e and Supplementary
Fig. 1a). Most strikingly, FOXO3 silencing was mirrored by
increased expression of 14 genes, including CXCLO,
CXCL10, CXCLI11 (which all bind to CXCR3), and

SPRINGER NATURE



652

B. Brandstetter et al.

A NF

B

Minutes 0 30
p-FOXO03 (T32)

ACTIN

FOX03

ACTIN

60 90 120 150 180 210 240 270 300

0.1 é E*

0.2

FOXO03 nuclear to perinuclear ratio (Log2)

0.3

0 20 40 80 160 240 300 360 420 480

Minutes

Fig. 2 TNF-induced nuclear exclusion of FOXO3. a, b Western blots
of TNFa treated (10ng/ml) RA fibroblast-like synoviocytes (RA-
FLS). Representative blots of at least eight (a) or three (b) independent
experiments with FLS cell lines from different donors. ¢ Boxplots
displaying the delta mean of the nuclear to perinuclear FOXO3 signal
ratio calculated from automatically captured and analyzed images. FLS
were treated with TNFa (10ng/ml) for the indicated time points.

TNFSF18 (GITRL). Gene ontology (GO) term analysis of
these 14 genes revealed functions in leukocyte chemotaxis,
especially for T-cells and monocytes (Supplementary
Figure 1b). Importantly, we observed that siRNA-targeted
reduction was more efficient to inactivate FOXO3 when
compared to TNFa stimulation (Supplementary Fig. 2).
Moreover, FOXO3 levels after siRNA mediated silencing
were negatively correlated with the TNF-induced expres-
sion of CXCL10 (Supplementary Fig. 3). RNA-sequencing
results for genes that were or were not affected by
FOXO3 silencing were confirmed by qPCR and ELISA
(Fig. 4a, b). Overall these data suggest that partial FOXO3
inactivation by TNFa due to nuclear exclusion is critical for
the sustained expression of distinct pro-inflammatory che-
mokines in RA-FLS (Fig. 4a). By contrast, ELISA results
did not support a role of FOXO3 in the regulation of IL6
and IL8 (Fig. 4b), suggesting that FOXO3 differentially
regulates TNF-induced gene programs.

TNFa signaling co-opts the PI3K/AKT/mTOR/FOX03
pathway to bring forth an IFN response

Nuclear exclusion (and thereby inactivation) of FOXO3 is
induced by phosphorylation through the PI3K/AKT

SPRINGER NATURE
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Pooled data from four RA-FLS cell lines from different donors are
shown. Unpaired Student’s #-test has been used to assess the statistical
significance of untreated vs. treated FLS. *p <0.05. d Representative
pictures of FOXO3 (red) nuclear staining in unstimulated (upper
panel) and TNF-stimulated (lower panel) RA-FLS. Actin fila-
ments were labeled with phalloidin (green). Cell nuclei were stained
with DAPI (blue)
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signaling pathway which is activated by TNFa [13, 27].
Therefore, inhibition of either, PI3K or AKT, would
prevent TNF-induced FOXO3 phosphorylation and
nuclear exclusion. Indeed, inhibition of PI3K-activity
with the two highly specific inhibitors Idelalisib and
Duvelisib prevented the TNF-induced inactivation of
FOXO3 (Supplementary Fig. 4) and suppressed the TNF-
induced expression of CXCL10 (Fig. 4c). Consistently,
we found that the AKT-inhibitor Ipatasertib decreased
FOXO3 phosphorylation (Supplementary Fig. 4) and
CXCL10 production in TNF-stimulated fibroblasts
(Fig. 4c). Previously we have shown that TNF-induced
activation of AKT is dependent on mTOR [27]. To study
whether mTOR is involved in the TNF-induced inacti-
vation of FOXO3 we used the specific mTOR inhibitor
Torin-1, which blocked the phosphorylation of the well-
known mTOR substrate S6K (Fig. 4d). Torin-1 also
prevented the phosphorylation (Fig. 4d) and nucleocyto-
plasmic shuttling of FOXO3 (Fig. 4e). Moreover, we
observed decreased expression of CXCL10 (Fig. 4f),
CXCL9 and TNFSF18 (data not shown) in Torin-1 treated
RA-FLS. These data confirm the RNA-seq results and
suggest that PI3K/AKT/mTOR act upstream of FOXO3 in
TNF-stimulated FLS.
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Fig. 3 FOXO3-regulated gene expression in TNFa stimulated FLS.
a Workflow outlining the RNA-sequencing (RNA-seq) experiment.
RA-FLS from four different donors were transfected with non-
targeting (siCTRL) or FOXO3-targeting siRNA pools and then sti-
mulated with TNFa (10 ng/ml). RNA was isolated and processed for
transcriptome profiling. b Representative western blots of RA-FLS
after transfection with non-targeting (siCTRL) or FOXO3-targeting
siRNA pools. ¢ Volcano plots showing the magnitude of differential

TNF-induced inactivation of phosphoinositide-3-
kinase interacting protein 1 (PIK3IP1) promotes IRG
expression in RA-FLS

Western blots and IF microscopy revealed a biphasic pattern
of FOXO03 inactivation in TNF-stimulated FLS (Fig. 2a, c)
with a strong, sustained second wave of FOXO3 phos-
phorylation and nuclear exclusion, which promotes the
TNF-induced IFN-response. To unfold the mechanisms that
contribute to the sustained inactivation of FOXO3 in
response to TNF, we examined the RNA-seq data for TNF-
driven regulators of the PI3K-AKT-FOXO3 pathway. Most

siCTRL_unstimulated—siCTRL_TNF
Fold change Log10

expressed genes. Bold numbers represent the amount of differential
expressed genes (fold-change >2; Bonferroni corrected p-value <0.05;
dispersion in replicates <0.2). d, e Scatter-plots showing the impact of
FOXO3 knockdown on TNF-regulated genes. Dots with a text label
represent TNF-regulated genes that are positively or negatively
affected by FOXO3 silencing. Colors of the larger dots represent the
temporal behavior of genes (for further definition see Supplementary
Figure 1)

strikingly, we found reduced expression of the PI3K-
inhibitor PIK3IP1 [31] in TNF-treated FLS (Fig. 5a). Sup-
porting the findings of others that PIK3IP1 is a direct target
gene of FOXO3 [32], we observed decreased PIK3IP1
transcription in FOXO3 knockdown FLS (Fig. 5a, b). Time
course experiments confirmed the RNA-seq data. PIK3IP1
expression was significantly reduced after 1 hour of TNFa
stimulation and further decreased over time (Fig. 5c).
Consistent with changes at the mRNA level, TNFa also
caused downregulation of PIK3IP1 protein levels (Fig. 5d).
To establish PIK3IP1 as a regulator of the TNF-induced
IFN-response we used siRNA pools to silence its expression

SPRINGER NATURE
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in FLS. Knockdown of PIK3IP1 was confirmed by qPCR  PIK3IP expression than TNFa stimulation (Supplementary
(data not shown) and western blotting (Fig. 5e). Of note, Fig. 5a). As expected, PIK3IPI silencing reduced the-
targeted reduction by siRNA was more efficient to reduce  nuclear levels of FOXO3 (Fig. 5f). Most strikingly,
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Fig. 4 FOXO3 is a negative regulator of CXCR3-binding chemokines.
a, b RA-FLS were transfected with non-targeting (siCTRL) or
FOXO3-targeting siRNA pools. a Transfected FLS from six donors
with RA were treated with TNFa (10 ng/ml) for 6 h. Gene expression
was determined by qPCR and expression is presented relative to
unstimulated cells. Values are the mean + SEM. *p <0.05, Wilcoxon
matched pairs test. b Transfected RA-FLS (n = six) were treated with
TNF (10 ng/ml) for 24 hours. Supernatants were analyzed by ELISA.
Values are the mean + SEM. *p < 0.05, Wilcoxon matched pairs test.
¢ RA-FLS (n=06) were pre-treated with DMSO, Ipatasertib (GDC-
0068; 250 nM), Idelalisib (CAL-101; 250 nM), or Duvelisib (IPI-145;
250 nM) for 1 hour and stimulated with TNFo (10 ng/ml) for 24 hours.
Release of CXCL10 was assessed by ELISA. Wilcoxon matched pairs
test, *p <0.05. d—f RA-FLS were pre-incubated with DMSO or Torin
(250nM) for 1 hour and stimulated with TNFa (10 ng/ml) for four
(D. and E) or 24 hours (F.) d Representative western blots of at least
four experiments with different RA-FLS cell lines. e Representative
immunofluorescence images of FOXO3-localization (red) in RA-FLS.
Nuclei were stained with DAPI (blue). Phalloidin was used to visualize
actin (green). f CXCL10 release was measured by ELISA. Values are
the mean + SEM. *p <0.05, Wilcoxon matched pairs test. n =4

TNF-induced expression of CXCL9, CXCL10, CXCL11,
and TNFSF18 was increased in FLS that were transfected
with PIK3IP-targeting siRNA pools (Figs. 5g, h). More-
over, we observed an inverse correlation between PIK3IP
cellular levels and TNF-induced IRG expression (Supple-
mentary Fig. 5b). Taken together, these data suggest that
TNF-mediated inactivation of FOXO3 limits the transcrip-
tion of PIK3IP1, which leads to sustained activation of
PI3K/AKT signaling and enhanced expression of CXCL9,
CXCL10, CXCLI11, and TNFSF18 (Fig. 6).

Discussion

Perturbations in the expression or activity of FOXO3 are
increasingly linked to chronic inflammatory diseases, such as
colitis and arthritis [14, 15, 33, 34]. Research into the
mechanism of the FOXO3-regulated inflammatory response
has mainly concentrated on leukocytes. Thus, critical roles for
FOXO3 were shown for T-cell proliferation and activation
[35], monocyte cytokine secretion [15], and neutrophil sur-
vival [36]. Here we show that FOXO3 also directs the
inflammatory response in non-immune cells, namely FLS.
This is particularly important since current models increas-
ingly stress the role of mesenchymal stromal cells in non-
resolving inflammatory diseases, such as RA [37].

In accordance with previous studies [10, 34] we found
phosphorylation/inactivation of FOXO3 in the inflamed,
rheumatoid synovium. Intriguingly, there was no difference
in total FOXO3 expression between RA and OA synovial
tissues, suggesting that the inflammatory response is pri-
marily regulated by FOXO3 phosphorylation, but not by
altered gene expression. While these preceding studies
highlighted the strong phosphorylation of FOXO3 in leu-
kocytes, we noted that FOXO3 is primarily phosphorylated

in fibroblast-like cells of the synovial membrane. Based on
this observation we hypothesized that FOXO3 is inactive in
TNF-stimulated FLS. Indeed, TNFa, which is one of the
main drivers of FLS activation in RA [3], induced partial
FOXO3 phosphorylation and nuclear exclusion in these
cells. Given the strong phenotype in the IHC staining, other
pro-inflammatory mediators may also induce FOXO3
inactivation in the inflamed synovium. To address the
FOXO3 contribution to the inflammatory activity of FLS
we performed gain-of-function (pharmacological inhibition
of the FOXO3 upstream kinases AKT, mTOR, and PI3K)
as well as loss-of-function (siRNA mediated knockdown of
FOXO3) experiments. Strikingly, we found that FOXO3
activity is mirrored by the expression of a subset of genes
involved in the TNF-induced interferon response, such as
CXCL9, CXCL10, CXCL11, and TNFSF18. Numerous
studies have shown that these inflammatory mediators are
increased in RA synovial tissues and fluids [3, 38—41].
CXCL10, as well as the other CXCR3-binding chemokines,
play a major role in leukocyte homing to inflamed tissues
and thereby contribute to the perpetuation of inflammation
[42]. TNFSF18 is the ligand for TNFRSF18/AITR/GITR
and is best known to regulate T-cell responses by lowering
the threshold for T-cell activation and proliferation [43].
Thus, our data suggest that TNF-induced FOXO3 inacti-
vation in FLS particularly promotes leukocyte recruitment
to the synovium and local T-cell activation. By contrast, we
observed decreased expression of MMP3 and CSF2 in
FOXO03 knockdown FLS. Thus, signaling events upstream
of FOXO03, such as PI3K and AKT activation, resulting in
FOXO3 nuclear exclusion might have beneficial (e.g.
inhibition of CXCL10 expression) but also detrimental
effects by increasing the secretion of MMP3 and CSF2.
This has to be considered in future clinical trials investi-
gating inhibition of the PI3K/AKT pathway.

But how does FOXO3 regulate the TNF-induced IFN-
response in FLS? The promoters of TNF-induced IFN-
response genes are not enriched for potential FOXO3
binding sites as suggested by bioinformatics analysis (data
not shown). Thus, FOXO3 does not directly regulate these
genes. In macrophages FOXO3 was shown to suppress the
antiviral response by directly affecting the IRF7-dependent
expression of IFNf [29]. A similar mechanism may operate
in TNF-stimulated FLS. TNF-stimulated FLS secrete low
amounts of IFNP, which acts in an autocrine/paracrine
manner to activate the transcription factor STATI1, which
induces IRG expression [30]. We indeed observed higher
STATI activity in FOXO3-knockdown FLS (Supplemen-
tary Fig. 6). Correspondingly the RNA-seq results showed
increased expression of IRF7 and IFNf in FOXO3 knock-
down FLS (data not shown). However, the difference was
statistically not significant and further experiments are
needed to proof these observations.
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Fig. 5 An important role for the FOXO3 target PIK3IP in TNF-
induced fibroblast-activation. a Heatmap of PI3K/AKT pathway reg-
ulating genes that are responsive to TNFa stimulation and siFOXO3
mediated knockdown. Genes are clustered by complete hierarchical
clustering with 1 - Pearson correlation as distance. Green labeled genes
are positive, whereas red labeled genes are negative regulators of the
PI3K/AKT pathway. b FLS were transfected with non- (siCTRL) or
FOXO3-targeting siRNA pools. Gene expression was determined by
gPCR and expression is presented relative to GAPDH. Values are the
mean + SEM. *p <0.05, Wilcoxon matched pairs test. n = 6. ¢ PIK3IP
expression in TNF-treated (10 ng/ml) RA-FLS (n =4). Gene expres-
sion was determined by qPCR and expression is presented relative
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to untreated cells. d Western blots of PIK3IP expression in TNFa
(10 ng/ml) stimulated FLS. Representative blots of four independent
experiments. e-h FLS were transfected with non- (siCTRL) or
PIK3IP1-targeting siRNA pools. e Representative western blots of
PIK3IP1 expression in transfected FLS. f Representative immuno-
fluorescence images of FOXO3 in siRNA transfected FLS. g Trans-
fected RA-FLS (n=15) were stimulated with TNFa (10 ng/ml) for
6 hours. Gene expression was determined by qPCR. Expression is
presented relative to unstimulated cells. Values are the mean + SEM.
*p<0.05, **p<0.01. Wilcoxon matched pairs test. h CXCL10
expression of TNFa stimulated FLS (10ng/ml, 24h). *p<0.05,
Wilcoxon matched pairs test. n =16
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Fig. 6 A model depicting the TNF/PI3K/AKT/FOXO3/
PIK3IP1 signaling circuits in RA-FLS. In FLS TNF activates the
PI3K/AKT pathway leading to inactivation of FOXO3. FOXO3
inactivation promotes the TNF-induced expression of IRGs, such as
CXCL9, CXCL10, CXCL11, and TNFSF18. TNF stimulation also
decreases the transcription of PIK3IP1, which further promotes PI3K/
AKT activation and FOXO3 inactivation, thereby amplifying the
expression of IRGs

More importantly, we herein identify PIK3IP1 as a yet
unknown regulator of the cellular response to TNFa. Our
experimental data demonstrate that TNFo induces FOXO3-
inactivation, which represses the expression of the FOX0O3
transcriptional target PI3KIP1. Reduced PI3KIP3 results in
increased PI3K/AKT pathway activity, which supports the
expression of CXCL9, CXCXL10, CXCL11, and TNFSF18
in FLS. PIK3IP1 is a tumor suppressive protein [44, 45] that
functions as a direct inhibitor of the PI3K [31]. PIK3IP has
also been implicated in T-cell activation [46, 47].

Overall, our study identifies a previously unknown TNF-
activated signaling circuit that contributes to the TNF-
induced IFN-response. Thus, our work on FOXO3 and its
transcriptional target PIK3IP1 as important modulators for
FLS-mediated inflammation provides novel insights into the
molecular mechanism underlying TNF-driven inflammatory
diseases.
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